ABSTRACT
INTRODUCTION
Genomic integrity following endogenous and exogenous damage to DNA is maintained by pre-and post-replication DNA repair, including nucleotide excision repair, base excision repair, transmethylation, photoreactivation and recombination repair (1) . Central to base excision repair are apurinic/apyrimidinic (AP) endonucleases (1-3), which have been characterized from many organisms, including Dictyostelium discoideum (4) . Elevated rates of spontaneous mutation are seen in bacteria and yeast with a non-functional AP endonuclease, indicating that this enzyme is critical for repair of endogenous as well as exogenous DNA damage (1) .
Eukaryotes display several systems of up-regulation of various aspects of DNA repair in response to DNA damage, oxidative stress, inhibitors of DNA polymerases or non-nuclear signaling events (1, 2) . Mechanisms involve phosphorylation of nuclear regulatory proteins (5) , signals related to DNA replication and cell cycle checkpoints (6) and activation of p53 protein (7) .
The simple eukaryote D.discoideum has efficient DNA repair and is unusually resistant to a wide range of DNA damaging agents (8) . Many repair mutants have been described (9) . Some strains exhibit transcription-coupled DNA excision repair (10) . The activities of two components of base excision repair have been studied, the uracil DNA glycosylase (11) and the AP endonuclease (4). Here we report the cloning and sequencing of the cDNA and genomic regions of the AP endonuclease A gene (APEA). We show up to a 7-fold transcriptional up-regulation of this gene following treatment of the cells with sublethal levels of DNA damaging agents.
MATERIALS AND METHODS

Growth and maintenance of cells
HPS401, HPS53, HPS64, HPS68 and HPS517 cells were grown in HL5 axenic medium or maintained on DM agar plates with Escherichia coli B/r (8, 9) .
cDNA clones
Dictyostelium discoideum AP endonuclease was purified to homogeneity. Briefly, following initial purification (4) and isolation by FPLC on MonoQ columns, the fraction containing AP endonuclease activity underwent SDS-PAGE and electroblotting to nitrocellulose. The Ponceau stained AP endonuclease band was digested with trypsin and the peptide fragments separated by HPLC. Some were sequenced at the Protein Chemistry Facility of the Wistar Institute (Philadelphia, PA). A degenerate oligonucleotide probe corresponding to one of these was prepared by the Penn State Biotechnology Institute. A cDNA library generously provided by T.Graham was screened. Positive partial APEA cDNAs were obtained, cloned into pUC and M13 plasmids and sequenced. New full-length cDNAs were generated using the PolyATract system (Promega) and the ZAP-cDNA synthesis kit (Stratagene). One of these was sequenced in the 5′ region where the sequence was missing in the partial cDNAs. Nucleic Acids Research, 1996 , Vol. 24, No. 10 1951 
Genomic cloning
Using a partial cDNA as a probe, a genomic 2.9 kb BclI fragment was identified which contained nearly all of the structural sequence of APEA, along with 1.84 kb of 5′ upstream genomic sequence. We cloned this upstream flanking region along with a 5′ portion of the structural gene as follows. A size-selected fraction of the BclI-treated genomic DNA (2.8-3 kb) was circularized by ligation. Inverse PCR was performed on this circular DNA using outwardly directed primers homologous to known sequences near the middle of the structural region (12) . The product (2.1 kb) was blunt-end ligated into Bluescript II (KS+). A Coy Tempcycler or an Idaho Technologies Air Thermo-Cycler were used for all PCRs.
DNA sequencing
Sequencing of cDNA and cloned genomic regions was performed by the dideoxy chain termination method (13), using the Sequenase version 2.0 kit (US Biochemicals), or by direct thermal cycler sequencing of PCR products using the fmol Sequencing kit (Promega).
Treatment with DNA damaging agents or inhibitors
For UV exposure (254 nm), log phase cells were washed and resuspended in PBS at 5 × 10 6 cells/ml (8) . For 4-nitroquinoline-1-oxide (4NQO; Sigma) and N-methyl-N′-nitro-N-nitrosoguanidine (MNNG; Sigma), cells were washed and resuspended at 1 × 10 7 cells/ml in PBS before treatment with the chemical for 1 h. For γ irradiation ( 60 Co; Nordion), cells were exposed with aeration. For aphidicolin, streptozotocin, mitomycin C (Sigma) and bleomycin (Mead Johnson), cells were treated in PBS at 1 × 10 7 cells/ml for 30 min. Genistein (GibcoBRL), orthovanadate, cycloheximide or actinomycin D (Sigma) were present during the incubation time after DNA damage.
AP endonuclease assays
Assays for AP endonuclease activity, using acid-depurinated PM2 DNA as substrate, were as published (4) .
Blot analysis
Levels of AP endonuclease (APEA), uracil DNA glycosylase (UGLA), ribosomal protein L7 (RPGE), cysteine protease 2 (CPRB) and spore coat protein 60 (COTB) mRNA were analyzed by Northern analysis (13) . RNA was isolated according to Chanczynski and Sacchi (14) . Aliquots of 20 µg of total RNA were electrophoresed in a 1.2% denaturing agarose gel and electrophoretically transferred to a Duralon-UV membrane (Stratagene). Blots were hybridized with 32 P-labeled probes from random primer reactions (BioRad). After washing, blots were quantified with a Betagen Betascope 603 image analyzer.
Nuclear transcription
Run-off assays were performed using isolated nuclei from 1 × 10 8 cells as described (15) .
RESULTS
Structural and 5′ flanking sequence
Sequencing of the cDNAs and the genomic clone revealed an open reading frame from bases 1842 to 2924 (NCBI U31631). The agreement of the coding sequence from the genomic DNA and the cDNA from 1836 to 2061 revealed no introns in this 5′ portion of the gene. We used PCR amplification of portions of the APEA cDNA and genomic APEA gene, followed by electrophoresis on high resolution agarose gels to show that APEA contains no introns (longer than the 5-10 bp lower detection limit) in the remaining 3′ portion of the gene. The sequence predicts a protein of 361 amino acids, with a molecular weight of 41225 kDa, agreeing with the estimated molecular weight of the purified enzyme (4). The three peptide sequences identified in the purified AP protein were present. Table 4 shows the effects of various treatments on the levels of three mRNAs. Spore coat protein SP70 and cysteine protease 2 exhibited no increase (data not shown). Clonogenic survival for all treatments was >90%. The relative amounts of mRNA given are for the peak value, reached at 90 min after the end of each treatment. The most effective treatments for APEA mRNA were UV light, MNNG and bleomycin. Less dramatic responses were found for γ irradiation, 4NQO and streptozotocin. The UGLA gene (R.B.Guyer and R.A.Deering, unpublished results, NCBI U32866) was mildly induced by UV, streptozotocin and heat shock, while the ribosomal protein L7 gene (RPGE; 16) was not induced. The maximum levels of AP endonuclease enzyme activity attained after some treatments are also shown in Table 4 . Optimal treatments for induction were determined for UV irradiation (Fig. 1A) . The levels of other agents were chosen to yield comparable lethality. A fluence of 10 J/m 2 yielded the maximum effect, whereas a fluence of 100 J/m 2 gave a less pronounced and a more delayed increase. The time dependence of the amount of APEA mRNA after 10 J/m 2 is shown in Figure 1B . We observed that 2.5 mM Mg 2+ in the post-UV incubation buffer decreased the time to reach the peak from 90 to 45 min and also caused a faster post-peak decline in APEA mRNA. Treatment with aphidicolin, an inhibitor of replication fork polymerases, did not cause an increase in any of the mRNAs assayed.
Levels of mRNA after treatment of cells with DNA damaging agents
DNA damage-sensitive mutants of D.discoideum have been isolated (9) . Four of these, HPS53 (radA), HPS517 (radB), HPS64 (radC) and HPS68 (radD), were tested for an increase in APEA mRNA after treatment with UV. Even though the UV resistance of these mutants ranges from 4 to 30% of that of the wild-type, they all displayed levels of increase in APEA mRNA comparable with the wild-type.
Cycloheximide (1.4 mM), an inhibitor of protein synthesis (17) , was used in conjunction with UV treatment (10 J/m 2 ). The increase in APEA mRNA remained at 80% of that shown in Table 4 . This indicates that new protein synthesis is not required. The presence of genistein, an inhibitor of tyrosine kinases (1 µM), after UV exposure did not block the APEA mRNA increase. Orthovanadate, a phosphatase inhibitor (1 mM), reduced the increase to ∼50% of that shown in Table 4 . The transcription inhibitor actinomycin D (0.1 mM) (18) eliminated any increase in the APEA mRNA level. 
Transcription
To determine if the observed increase in the level of APEA mRNA was due to transcriptional up-regulation or perhaps instead to mRNA stabilization, we performed nuclear run-off assays. Following UV, the amount of labeled APEA transcript increased 8-fold within 30 min of treatment (Fig. 2) . These experiments were performed in the presence of Mg 2+ , which, as indicated earlier, reduces the time to reach the peak level of APEA mRNA to 45 min. Hence under these conditions, the transcriptional rate reached its peak 15 min before the highest observed level of mRNA. Thus, the increase in the amount of APEA mRNA can be accounted for by an increase in transcription. Actin 12 transcription decreased after UV, perhaps a reflection of an effect on transcription in general. It returned to normal by 100 min after irradiation.
DISCUSSION
The predicted amino acid sequence shows high homology with the major human/E.coli exonuclease III family of AP endonucleases. For example, there is 47% identity and 64% similarity to the Ape endonuclease of human cells (gene also termed HAP1, APEX and REF1) using the C-terminal 257 amino acids of the Dictyostelium protein. The 104 amino acids at the N-terminus show only low homology with other AP endonucleases. However, amino acids 50-80 have 75% structural similarity to amino acids 170-200 of the high mobility group 1 (HMG) chromatin protein from various species. Amino acids 20-80 have 65% similarity to amino acids 190-250 of many nucleolins. It has been suggested (19) that the glutamate-rich domain functions in nucleolins as a nuclear transport factor or as a non-specific interaction site for DNA binding proteins. A short potential nuclear localization signal, KKRK, is also noted at amino acids 41-44 (20) . Although we have no direct evidence for nuclear location of the ApeA protein in this organim, these N-terminal domains allow the inference that it is localized to the nucleus.
Some DNA damage-inducible genes are induced by a signal originating from a stalled polymerase complex (6) . Some of the GADD genes from human cells are dependent on DNA strand breakage for their induction. The induction of GADD153 by polymerase inhibitors is achieved only after many hours of treatment. This suggests that the induction is actually mediated by cell cycle position, rather than by the stalled polymerase complex itself (21) . The mammalian G1 checkpoint/transcription factor p53 is also activated by DNA damage, at the post-transcriptional level. This activation is apparently initiated by the presence of DNA strand breaks (22) . DUN1 kinase of yeast is activated by phosphorylation, triggered by DNA damage or DNA synthesis arrest (5) . Often, induction requires high levels of DNA damage, resulting in substantial lethality to the treated cells (sometimes >90%). Under these conditions, several pathways may be activated in addition to DNA repair responses (for example apoptosis). In contrast, the APEA gene of D.discoideum is induced by treatments that cause <10% lethality. It is not induced by the polymerase inhibitor aphidicolin. The Dictyostelium radB mutant is a DNA damagesensitive mutant which fails to arrest growth and DNA synthesis after DNA damage (8) , yet it still shows induction of APEA. This suggests that induction of APEA is not linked to an S phase arrest event. The low level of induction by 4NQO suggests that oxidative stress is not an inducer of APEA (2) .
We conclude that the observed induction of APEA expression is likely a consequence of some aspect of response to DNA damage and/or repair, rather than to an oxidative stress response, a cell cycle response or a non-nuclear signaling process.
AP endonuclease enzyme activity increased reproducibly but by <2-fold (Table 4) . Little or no increase in enzyme activity in the presence of a significant increase in mRNA is not unusual, for example this occurs with the β-polymerase mRNA of CHO cells (23) . Our observations suggests the possibility of additional, post-transcriptional levels of regulation of ApeA activity.
